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Peak splitting or structure has been studied for a quadrupole mass filter operated in the second
stability region with Mathieu parameters (a,q) ’ (0.02.7.55). Two sources of peak splitting are
considered and modeled theoretically: nonlinear resonances caused by field imperfections and
ion collection effects caused by the periodic properties of ion motion in the quadrupole field.
The conditions for the appearance of the nonlinear resonances and ion collection effects are
derived and presented in terms of the b variables which determine the frequencies of ion
oscillation. Comparisons of calculated peak structure to experimental peak shapes show that
ion collection effects dominate, at least for the experimental conditions reported here. It is also
shown that neither nonlinear resonances nor ion collection effects can distort the peak at high
resolution. (J Am Soc Mass Spectrom 1999, 10, 1263–1270) © 1999 American Society for
Mass Spectrometry
Among the higher stability zones of the quadru-pole mass filter [1] that have been investigatedto date, the second stability region [2] has
shown the highest resolution, a resolution at half height
of up to about 9000 [3]. This resolution is of particular
interest for elemental analysis by methods such as
inductively coupled plasma mass spectrometry because
in many cases it is sufficient to separate atomic ions
from molecular ions of the same nominal mass. Another
interesting aspect of this mode operation is the ability to
mass analyze ions with energies up to some keV with
unit resolution [4].
The second stability region is shown in Figure 1. The








where e and m are the charge and mass of ion, v 5 2pf
is the angular radio frequency (rf) applied to the quad-
rupole, r0 is the distance from the center of the quad-
rupole to an electrode (the “field radius”), and 6(U 2
V cos vt) is the voltage applied to opposite pairs of
rods. The frequencies of ion motion in the quadrupole
field V are given by




where n is an integer and b is a function of the
parameters a and q. Combinations of a and q which give
the same b value form “iso-b” lines on the stability
diagram. For the second region these are shown in
detail in Figure 1. In this region the stability parameters
bx and by for the x and y direction vary from one to
two. For given voltages U and V applied to the quad-
rupole rods (and for a given r0 and v) ions of different
mass to charge ratios, m/e, lie on a “scan line.” For the
second stability region, because of the comparatively
low value of a and high value of q, the scan line a 5
2lq is approximately parallel to the q axis. Figure 1 for
example shows a scan line for a resolution of 208. The
resolution R is given by R 5 q/Dq. The resolution R is
related to the scan parameter l 5 U/V by
R 5 114YS1 2 l0.001958D (3)
From eq 3 it follows that the minimum resolution is 114
when a 5 0, i.e., when the dc voltage U 5 0. This
follows from the width of the stability region on the q
axis.
With quadrupole operation in higher stability re-
gions, we have found that there is often undesirable
structure such as dips on the peaks of a mass spectrum.
In the higher regions, as in the first, undesirable peak
distortion with regular structure may have two causes
[1, 5]. In the first, the structure is caused by resonant
excitation of ion oscillations caused by field imperfec-
tions which introduce higher order multipoles to the
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field [6–11]. In the second, peak distortions are caused
by the wavelike motion of ions at their fundamental
frequency of motion (related to the imaging properties
of quadrupole fields [5]) leading to ion collection effects
at the detector. Both phenomena have the same external
symptoms, structure on the peaks of a mass spectrum.
Here we have examined in detail the structure on
peaks with a quadrupole operated in the second stabil-
ity region. The peak structure caused by both nonlinear
resonances and by ion collection effects is calculated.
The calculations are then compared to observed struc-
ture with the conclusion that ion collection effects give
the greater contribution to peak structure under the
conditions of our experiments.
Experimental
Peak shapes were recorded with an apparatus de-
scribed previously [3]. An inductively coupled plasma
produced ions that were sampled through a three-
aperture differentially pumped interface. Ions pass
through a series of cylindrical lenses and then an
aperture plate at the entrance to the quadrupole (aper-
ture diameter 1.33 mm). The aperture plate was held at
2177 V. The mass filter rods were 20 cm long and 15.9
mm diameter. The nominal ratio of rod radius (r) to
field radius (r0) was r/r0 5 1.128 and the rf frequency
was 1.20 MHz.
The energy of 59Co1 ions leaving the source was ;3
eV. The ion energies in the quadrupole could be in-
creased by varying the rod offset applied to the mass
filter. With an offset of 220 V the ion energy was 23 eV
for example. Peaks were recorded with a step size of
0.01 m/z and 10 scans were averaged to produce a
spectrum. The exit of the quadrupole had a 14 mm
diameter aperture which was covered with high trans-
parency mesh. Ion counting was used for detection.
Nonlinear Resonances
This section gives a derivation of the conditions for
nonlinear resonances in a form suitable for experimen-
tal identification of these resonances. The quadrupole
field F(r, u, t) can be distorted by shifts of the
electrodes from their optimal position, asymmetry of
the voltages to applied to opposite pairs of rods, and by
using round rods instead of hyperbolic rods. The dis-
tortions can be described by expanding the expression
for the potential F(r, u, t) in partial harmonics [1]






z ~U 2 V cos vt! (4)
where r and u are cylindrical coordinates of a field
point, r0 is the field radius, AN are the weighting terms
of the multipole expansion, and 6(U 2 V cos vt) is the
voltage supplied to opposite pairs of the electrodes. The
term N 5 2 corresponds to a quadrupole field, N 5 3 a
hexapole field, N 5 4 an octapole, and so on. Only for
the quadrupole field are the x and y motions indepen-
dent. The higher order multipole terms couple the x and
y motions.
As an example the values of the weighting terms AN
are given in Figure 2 for equal radial displacements by
an amount Dr, for three of four round rods from their
optimal position. Here Dr is measured in units of r0 and
one rod is held at the optimum position for round rods,
r 5 1.145111 r0. (That is, the optimal position of round
rods of radius r, equally spaced, is at the ratio r/r0 5
1.145111 where the term A6 is zero [11, 12].)
The general theory [8] gives the condition for the
appearance of nonlinear resonances in any stability
region in the form
Figure 1. The second stability region in the Mathieu parameter
a– q plane. The dashed lines are iso-b lines for motion in the x and
y directions. The solid lines are resonance lines giving maximum
transmission for n 5 10. Points along the scan line a 5 2lq
correspond to maximum transmission where strong focusing
takes place in the x and y directions simultaneously.
Figure 2. Weighting terms AN for shifts Dr of three round rods
from their optimal position (r/r0 5 1.145111). The horizontal
axis is (r0 1 Dr)/r0.
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Kbx 1 Lby 5 2v (5)
K 5 j 2 k, L 5 j9 2 k9,
uKu 1 uLu 5 N, j 1 k 1 j9 1 k9 5 n (6)
where K and L are integers, N is the order of the
multipole causing the resonance (eq 4), j, k, j9, k9 are
integers, the sum of which is limited by the finite
integer n 5 3, 4, 5 . . . , bx and by are the parameters
which determine the frequencies of ion oscillations in
the x and y directions in the quadrupole field, and v 5
0, 61, 62, 63, . . . . Combinations of bx and by, which
can give nonlinear resonances, form straight lines when
plotted in terms of bx and by and form curved “reso-
nance lines” on the stability diagram. The factor 2 in eq
5 derives from the period p of the Mathieu equation
solution.
To determine resonance lines in the second stability
region we propose that the nonlinear resonances take
place on the fundamental frequencies of ion oscillations,
V, when the amplitudes of ion oscillation are relatively
large, and when the time of ion interaction with the
imperfect field is long. The ion motion in any stability
region in the x (or y) direction is described by [1]
x~j! 5 A O
n52‘
n51‘




C2n cos@~2n 1 b!j# (7)
where A and B are constants which depend on the
initial conditions (initial ion velocity and position), C2n
are terms of the expansion which depend on the (a, q)
point in the stability region and give the amplitude of
ion oscillation at the frequency
Vn 5 u2n 1 buv/ 2, n 5 0, 61, 62, 63, . . . (8)
For the first stability region near q 5 0.7, 0 , bx , 1
and 0 , by , 1; for the second stability region near q 5
7.55, 1 , bx , 2 and 1 , by , 2, and for the third
stability region near q 5 3, 1 , bx , 2 and 0 , by ,
1. According to eq 7 the frequency spectrum of the ion
oscillations is the same for a given value of b but the
trajectories will differ because of the relative weighting
factors C2n which depend on a and q [1].
Consider the case where 1 , b , 1.5. This would
correspond to y motion for a scan line that passes
through the upper part of the second stability region.
The main harmonics (which have the largest ampli-
tudes) correspond to the frequencies v21 5 (2 2
by)v/2 (n 5 21) and v0 5 byv/2 (n 5 0). When
by ’ 1 these frequencies v21 and v0 are similar and
their harmonics give a beat at the [2] frequency
Vy 5 v0 2 v21 5 ~by 2 1!v 1 , b , 1.5 (9)
Now consider the case where 1.5 , b , 2.0. This
corresponds to x motion for a scan line that passes
through the upper half of the stability diagram. For the
x direction, when bx ’ 2, the lowest frequency har-
monic has the frequency v21 5 (2 2 bx)v/2 (n 5
21) with a small amplitude of motion. Higher ampli-
tude motion occurs for harmonics with the frequencies
v0 5 bxv/2 (n 5 0) and v22 5 (4 2 bx)v/2 (n 5
22). When bx ’ 2 these have a small difference in
frequency. This results in a beat oscillation at the low
frequency Vx:
Vx 5 v22 2 v20 5 ~2 2 bx!v, 1.5 , b , 2.0
(10)
Here we propose that the nonlinear resonances take
place on the beat frequencies given by eqs 9 and 10
when the amplitudes of oscillation are the largest and
the beat frequencies are relatively low. The nature of the
beats is connected with the periodicity of the solution of
the Mathieu equation (eq 7). When b 5 m 1 P/Q,
where m 5 0, 1, 2, 3, . . . and P and Q are simple
integers and P , Q, then x(j) is a periodic function
with period 2pQ.
The condition for the appearance of the nonlinear
resonances in two coupled oscillators is [8]
KVx 1 LVy 5 vv (11)
where K, L 5 0, 1, 2, . . . and K 1 L 5 N. Taking Vy
and Vx from eqs 9 and 10 and v 5 1 we calculate the
resonance lines in the following form:
K~2 2 bx! 1 L~by 2 1! 5 1 (12)
Resonance lines for the lower order N 5 3 and 4
field harmonics are shown in the stability diagram in
Figure 3. When a scan line a 5 2lq crosses a resonance
line, a dip occurs on a peak. The hexapole (N 5 3) and
octapole (N 5 4) resonances can only distort a peak if
the resolution is less than 800. At higher resolutions the
scan line does not cross the hexapole or octopole
resonance lines and there are no distortions on the
peaks. The greatest peak distortion should be observed
at the peak center at resolutions of R 5 228 (N 5 3)
and R 5 382 (N 5 4) where the x and y resonance
lines cross.
Equation 12 requires experimental verification. Nev-
ertheless, this analysis shows that the resonance lines
do not pass through the tip of the second stability
region. This contrasts with the situation in the first
stability region where the resonance lines of lowest
order (N 5 3, 4) pass through the tip [1, 6, 7]. In
practice this means that at high resolution (i.e., a scan
line close to the tip, see Figure 3) distortions of a peak
should be absent and it should be possible to achieve
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high resolution with a rod set of limited mechanical
precision and with round instead of hyperbolic elec-
trodes [3].
Ion Collection Effects
Ions have the maximum amplitudes of oscillation at the
fundamental frequencies given by eqs 9 and 10. Let us
consider the case when the input aperture of the quad-
rupole (Figure 4) is very small and output aperture is
large (i.e., with a diameter close to 2r0). A small input
aperture might be used for limiting the gas flow from
an ion source for example. This was the case for the
experiments that were done here. In this limit we can
make the approximation that the ion initial transverse
positions are zero. The ion trajectories have a wavelike
motion with a period corresponding to the fundamental
frequencies of eqs 9 and 10.
If the length l of the quadrupole equals an integer
number of half wavelengths, l/2, the ion trajectories are
focused at the center of the output plate and the output
signal will be a maximum. Figure 4 shows the case
where l 5 l/2. The condition for maximum detected
signal can be written
l
2
K 5 l, K 5 1, 2, 3, . . . (13)
where K is an integer, l 5 vzTV, vz is the axial ion
velocity along z axis, and TV is the period of the ion
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where n is the number of rf periods which ions spend in
the quadrupole field. The condition for the maximum
detected signal for the x and y directions can be written
as
bx 5 1 1
Kx
n




1 , bx, by , 1.5 (17)
and
bx 5 2 2
Lx
n




1.5 , bx, by , 2.0 (18)
where Kx, Ky, Lx, and Ly are integers.
If ions at the quadrupole exit are close to the rods,
they will experience strongly defocusing fields and be
prevented from reaching the detector. This gives a dip
or minimum signal for the transmitted ions. For the case
of minimum detected signal the length l should be
equal to an odd number of quarter wavelengths l/4,
that is
~2K 1 1!l/4 5 l, K 5 0, 1, 2, 3, . . . (19)
Using the previous procedure we find the conditions
for the appearance of a minimum in the detected signal
in the following form:
bx 5 1 1
2Kx 1 1
2n




1 , bx, by , 1.5 (20)
bx 5 2 2
2Lx 1 1
2n
, by 5 2 2
2Ly 1 1
2n
1.5 , bx, by , 2 (21)
Figure 3. Resonance lines on the stability diagram for the lower
multipoles of order N 5 3 (solid lines) and N 5 4 (dashed lines).
Figure 4. Ion-optic schematic of the quadrupole mass filter. IP is
the input aperture and OP is the output aperture. IS is the ion
source, D is the detector.
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where Kx, Ky, Lx, and Ly are integers limited as
@~bxmin 2 1!n# # Kx # @~bxmax 2 1!n#,
1 , bx , 1.5 (22)
@~bymin 2 1!n# # Ky # @~bymax 2 1!n#,
1 , by , 1.5 (23)
@~2 2 bxmax!n# # Lx # @~2 2 bxmin!n#,
1.5 , bx , 2 (24)
@~2 2 bymax!n# # Ly # @~2 2 bymin!n#,
1.5 , by , 2 (25)
Here n is the number of rf cycles that the ions spend in
the field (not necessarily an integer), [a] is the largest
integer less than a (i.e. [2.1] 5 2, [5.9] 5 5, etc.) and
bxmin, bxmax, bymin, and bymax are minimum and maxi-
mum b values along scan lines (see Figure 1).
The “detection resonance lines” which derive from
these ion collection effects that give maximum detected
signal are shown by solid lines in Figure 1 for n 5 10.
Resonance lines follow the iso-b lines b 5 1 1 K/n
and b 5 2 2 L/n. When a scan line a 5 2lq crosses a
resonance line (Figure 1) we have conditions for focus-
ing of ions in the x or y directions. The maximum
number M of observed resonance peaks is equal to
2[(b 2 1)n] 2 1. For the case n 5 10, M 5 9 at R 5
114 (a 5 0). When a 5 0, bx 5 by and the resonance
conditions for the x and y directions coincide. As a
increases, the x and y resonances are separate and the
number of maxima increases to 18 before decreasing at
higher resolution. At points a, q where the conditions of
ion focusing coincide in both the x and y directions as
shown in Figure 1 for the scan line R 5 208 we have the
strongest resonances (marked by two points on the scan
line). These can lead to large peak distortions as we
show below.
The imaging properties of the quadrupole fields are
illustrated in Figure 5 for the case n 5 10. Calculated
ion trajectories for ten initial rf phases which differ by
p/10 are shown. The initial transverse ion positions are
x0 5 0 and initial transverse ion velocities are v0 5
0.01 (pr0f). The operating point is a 5 0 and q 5
7.52745 (b 5 1.3). The ions have different initial
phases and experience n 5 10 cycles of the quadrupole
rf field and all collect near x 5 0 when j 5 31.416. The
character of the ion motion is caused by the periodicity
property of the Mathieu functions. In Figure 5 the ion
wave motion corresponds to K 5 3 (l 5 3l/2).
Changes of the transverse ion velocities (or transverse
kinetic energy spread) do not strongly influence the ion
focusing properties.
It can be seen in Figure 1 that the detection resonance
lines do not pass through the tip of the second region.
With increasing resolution the number of maxima on a
peak decreases. For a narrow passband Dq, the peak
distortions from ion collection effects are absent.
The imaging property of the quadrupole field (Fig-
ure 5) may allow separation of two ions which differ
only slightly in mass. Suppose these have masses m1
and m2. Suppose for mass m1 the maximum order K
corresponds to a value b1, and for mass m2 the maxi-
mum corresponds to a value b2 and this maximum for
m2 coincides with the minimum for mass m1. This
condition can be written as
b1 5 1 1 K/n, max (26)
b2 5 1 1 ~2K 1 1!/ 2n, min (27)
Here the picture is similar to light interference phenom-
enon, where the ion mass m determines the wavelength.
From eqs 26 and 27 we find Db 5 1/2n. The parameter
q is a function of b and Dq ’ q9(b)Db where q9 5
dq/db. According to the definition of the resolution R we
have
R 5 m1/~m1 2 m2! 5 q0/Dq 5 2nq0/q9~b! (28)
From Figure 1 we can evaluate the derivative q9(b) for
the case a 5 0 as q9(b) ’ Dq/Db. From Figure 1 at q 5










and the resolution R is
R 5 20nq0 (29)
where q0 5 7.547 is the position of the working tip on
the q scale. For a typical number of rf periods, n 5 20,
for ion separation in the second stability region we find
the resolution R 5 3000. Note the resolution is propor-
tional to n.
Figure 5. Ion trajectories with initial rf phase steps of p/10 and
x0 5 0, v0 5 0.01, q 5 7.52745, a 5 0 (b 5 1.3), and n 5 10,
K 5 3.
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Observations of Peak Splitting
Figure 6 shows peak shapes for Co1 (m/e 5 59) at three
different ion energies. At a relatively low axial ion
energy of about 23 eV (Figure 6a) the peak shape is
uniform with a large number of small amplitude dips.
At an ion energy of 53 eV (Figure 6b) pronounced
regular minima and maxima appear on the peak. These
are arranged on the peak approximately equidistant
from the peak center. With increasing ion energy the
number of dips decreases and the intensities of the dips
increase as illustrated in Figure 6c for an ion energy of
103 eV. It is calculated that at an ion energy of 23 eV,
there are 28 dips on the peak. The spread in ion energy
from the source (.3 eV) causes this fine structure to be
“washed out.” At higher ion energies there a fewer
dips, they are more widely spaced, and the ion energy
spread is a smaller fraction of the total ion energy. For
these reasons the structure is more visible at higher ion
energies.
The influence of the resolution on the number of dips
is demonstrated in Figure 7. Here the resolution was
increased to R 5 420 (m/Dm measured at the base of
the peak) (53 eV ion energy). There are two distinct
minima on the peak. With further increases in the
resolution the number of minima decreases and for
resolutions of 1000 or more, the dips vanish (see for
example the peaks with R1/2 5 5000 and 23 eV ion
energy in [3]).
Initially we attributed this peak structure to nonlin-
ear resonances caused by field imperfections. However
it was found that the positions of the dips on the peak
change with ion energy and also that the peak structure
becomes more severe at higher ion energies (Figure 6).
For nonlinear resonances, the position of structure on a
peak should not change with ion energy. Also, structure
caused by nonlinear resonances should be more severe
at low ion energy where the resonances have more time
to build up. Thus the peak structure observed here is
assigned to ion collection effects caused by the focusing
properties of the quadrupole field. This is verified by
calculating the b values for the maxima on the peaks
and comparing them to the theory above.
The observed minimum positions along different
scan lines were marked and displayed on the stability
diagram as in Figure 8. We then find (Figure 8) the b
values which correspond to dips for the simple case
when a 5 0 (R 5 114). These are the experimentally
determined b values. For theoretical fitting of the ex-
periments it is required to find the number of rf cycles,
Figure 6. 59Co1 peak shape for rod offset voltage values of (a)
220 V, (b) 250 V, (c) 2100 V; R 5 114 (a 5 0). The count rates
for a 1 mg mL21 solution of Co were as follows: (a) 1585 s21, (b)
13,874 s21, and (c) 35,190 s21.
Figure 7. 59Co1 peak shape with the resolution increased to 420
and 250 V rod offset. The count rate was 5530 s21 for a 1 mg mL21
solution of Co.
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n, and maximum value of K. The axial ion energy Ez









For the experimental parameters m 5 59 u, l 5 20 cm,
and f 5 1.2 MHz, we find that the value n depends on
ion energy Ez as




where Ez is in eV. Thus for Figure 6b with 53 eV ion
energy, n 5 18.2 The maximum value of K we find for
the dip points near b 5 1.5 (Figure 1). For example,
from Figure 1 (R 5 114) we have dips at b 5 1.475 and
b 5 1.52. Using eqs 20 and 21 we find that the maxi-
mum value of K is 8, which best fits the observed dips.
A comparison of the relations
b 5 1 1
2K 1 1
2n
, 1 , b , 1.5
and
b 5 2 2
2K 1 1
2n
, 1.5 , b , 2
with the experimentally found b values (Figure 8) is
given in Figure 9a. Dips with initial integer numbers
K 5 0, 1, 2 are small because they are at the stability
boundary where b varies strongly and dips are on the
edge of the peak. Note that dips are equidistant on the
b axis, but not on the q axis (Figure 8). The agreement
between theory and experiment is best for dips near the
peak center. This likely reflects the difficulty in assign-
ing the edges of the peak accurately to the limits of the
stability region. That is, the peak does not have a
completely sharp cutoff on either side so that there is
some uncertainty in assigning the q and hence b values
to the dips of the peaks. Also, dips near the edges of the
peaks are less visible and are more difficult to assign.
Differences between the theory and experiment can also
be caused by the spread in ion energies and the finite
size of the entrance aperture.
For an ion of 103 eV energy, n 5 13.0 and we
calculate the same b dependency versus number K for
the maxima on the peaks. The calculated and observed
b values for this case are shown in Figure 9b. Again the
agreement is best for K values near the peak center
(K 5 4, 5, 6) with increasing difference between theory
and experiment for lower K values. Nevertheless the
data in Figure 9a, b demonstrate that the major quali-
tative behavior of the peak structure can be assigned to
ion collection effects.
Thus the ion collection effects derive from periodic
Figure 8. Observed positions for major dips on peaks with a rod
offset voltage of 250 V, mapped on to the stability diagram. Light
and dark circles are used for alternate scan lines for clarity. The
dips tend to follow iso-b lines.
Figure 9. (a) b values of peak minima (dips) vs. K for a resolution
R 5 114 (a 5 0) and 250 V rod offset (n 5 18.2). The observed
values are given by the solid circles and the calculated values by
the empty circles. (b) b values of peak maxima vs. K for a
resolution R 5 114 (a 5 0) and 2100 V rod offset (n 5 13.0).
The observed values are given by the solid circles and the
calculated values by the empty circles.
1269J Am Soc Mass Spectrom 1999, 10, 1263–1270 PEAK SPLITTING WITH QUADRUPOLE MASS FILTER
changes of the current density at the output aperture as
the quadrupole scans over a peak. When the ion source
is a point source and the quadrupole length is an integer
number of half wavelengths of the ion motion, ions
from the inlet aperture are focused to the center of the
exit aperture and the detected signal is a maximum.
When the output ion beam is defocused because there
are an odd number of quarter of wavelengths of the ion
motion, ions leave the quadrupole near the rods. Here
the fringing fields are strongly defocusing and the
detected ion signal is a minimum. This phenomenon is
inherent in the imaging properties of the quadrupole
field [5]. These effects are expected to be more severe for
higher stability regions because the fringing fields at the
quadrupole exit are more strongly defocusing in com-
parison to the first stability region near (a, q) 5 (0.2,
0.7).
Summary
The present data show that ion collection effects dom-
inate over nonlinear resonances for operation in the
second stability region, at least for our experimental
arrangement. The structure from these effects differs
from that caused by nonlinear resonances in that the
positions of dips on a peak shift with changes in the ion
energy. The structure is more distinct at high ion energy
because the energy spread from the source does not
average over the structure at different energies. The
number of the dips is not more than the number of rf
periods which ions spend in the quadrupole field. For
both ion collection effects and nonlinear resonances the
resonance lines do not pass through the tip of the
stability region. This has the practical result that good
peak shape can be obtained at high resolution even if
these effects are observed at lower resolution. It may be
possible to take advantage of the focusing properties to
separate ions that differ only slightly in mass. Finally,
the approach presented here may be useful for the
analysis of the peak splitting in other stability regions.
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